Purpose Recurrence of colon cancer, which affects nearly 50% of patients treated by conventional therapeutics, is thought to be due to re-emergence of chemotherapyresistant cancer stem/stem-like cells (CSCs). Therefore, development of therapeutic strategies for targeted elimination of CSCs would be a novel strategy. The current study examines whether diflourinated-curcumin (CDF), a novel analog of the dietary ingredient of curcumin, in combination with 5-fluorouracil and oxaliplatin (5-FU + Ox), the mainstay of colon cancer chemotherapeutic, would be effective in eliminating colon CSCs. Methods Multiple methodologies that include real-time RT-PCR, Western blot, MTT assay, caspase-3 activity, colonosphere formation, Hoechst-33342 dye exclusion and NF-κB-ELISA were used. Results We observed that CDF together with 5-FU + Ox were more potent than curcumin in reducing CD44 and CD166 in chemo-resistant colon cancer cells, accompanied by inhibition of growth, induction of apoptosis and disintegration of colonospheres. These changes were associated with downregulation of the membrane transporter ABCG2 and attenuation of EGFR, IGF-1R, and NF-κB signaling consistent with inactivation of β-catenin, COX-2, c-Myc and Bcl-xL and activation of the pro-apoptotic Bax. Conclusions Our results suggest that CDF together with the conventional chemotherapeutics could be an effective treatment strategy for preventing the emergence of chemoresistant colon cancer cells by eliminating CSCs.
INTRODUCTION
Despite recent advances, nearly 50% of patients with colorectal carcinoma (CRC), the third deadliest cancer in the US, will develop recurrent disease, underscoring the need for improved therapies (1) . Response to 5-Fluorouracil (5-FU) or 5-FU plus Oxaliplatin (5-FU + Ox) or FOLFOX, the current backbone of colorectal cancer chemotherapeutics, is often incomplete, resulting in cancer recurrence contributing to overall poor survival of patients diagnosed with CRC (2) (3) (4) . Although the reasons for this recurrence are not fully understood, a growing body of evidence suggests that this could in part be due to enrichment of chemotherapy-resistant cancer stem-like cells (CSCs) that retain the limitless potential to regenerate (5) . Development of therapeutic strategies that specifically target CSCs is, therefore, warranted. Furthermore, the continued use of chemotherapy can lead to additional toxicities, some of which may be fatal. Therefore, validation of a non-toxic agent(s) that could improve upon the current chemotherapeutic regimen(s) would be highly desirable.
Curcumin [diferuloylmethane; I,7-bis-(4-hydroxy-3-methoxyphenyl)-1 ,6-heptadiene-3,5-dione], the major pigment in turmeric powder that possesses anti-inflammatory and anti-oxidant properties (6) with no discernable toxicity, has been shown to inhibit the growth of transformed cells and colon carcinogenesis at the initiation, promotion and progression stages in carcinogen-induced rodent models (7) (8) (9) . Recently, we reported that curcumin synergizes with the combination treatment of 5-fluorouracil (5-FU) and oxaliplatin (hereafter referred to as 5-FU + Ox), the mainstay of colon cancer chemotherapy, to inhibit the growth of colon cancer cells in vitro (10) . Curcumin has also been found to synergize with dasatanib, a specific inhibitor of c-Src tyrosine kinases, to inhibit the growth of colon cancer cells in vitro and also caused regression of intestinal adenomas in APC min-/+ mice (11) . Various independent studies have shown that the combination treatment of curcumin with a variety of chemotherapy drugs (i.e., cisplatin, danorubicin, doxorubicin, and vinscristine) enhances the cellular accumulation of these drugs, thereby increasing the cells' sensitivity to the chemotherapeutics (12) . These findings strongly indicate that curcumin or its derivative holds a great promise as an anti-cancer agent, and, given a strong link between the CSCs and chemoresistance, this could be utilized to target CSCs. Indeed, we have recently observed that curcumin either alone or in combination with 5-FU + Ox is highly effective in reducing colon CSCs in vitro (13) .
However, the use of curcumin as a therapeutic agent has met with considerable skepticism because of its poor bioavailability. Since as much as 75% of curcumin is excreted in the feces (14) and also undergoes rapid inactivation due to glucuronidation (15) , several strategies have been developed to improve the biological activity of curcumin (16) (17) (18) (19) , but none had proved to be successful. This issue has been addressed by slowing down the rapid metabolism of curcumin by preparing its Knoevenagel condensates and their metal complexes and, further, generating the fluoro-analog of curcumin termed Diflourinated-Curcumin (referred to as CDF) that exhibits increased metabolic stability (20, 21) . The CDF has also been found to exhibit superior growth-inhibitory properties to the parental compound curcumin (20, 21) . In view of our recent observation that curcumin either alone or together with 5-FU and oxaliplatin reduced colon CSCs (13), the current investigation was undertaken to compare the effectiveness of CDF with curcumin in inhibiting the growth of 5-FU + Ox-resistant colon cancer cells (hereafter referred to as chemo-resistant cells) with particular reference to formation and disintegration of colonospheres that are highly enriched in colon cancer stem-like cells (CSCs) (22) . In addition, regulatory mechanisms for CDF-induced inhibition of colon cancer chemo-resistant cells were examined by analyzing the events of β-catenin and NF-κB signaling.
MATERIALS AND METHODS

Drugs and Reagents
Curcumin, protease inhibitor cocktail, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and all other chemicals were obtained from Sigma (St. Louis, MO). Rabbit anti-p-IGF-1R (Tyr 1161), mouse anti-Bcl-xL, rabbit anti-Bax, mouse anti-β-catenin and rabbit anti-ABCG2 antibodies were obtained from Santa Cruz Biotechnology Inc., Santa Cruz, CA. Rabbit anti-p-EGF-Receptor (Tyr 1173), rabbit anti-c-Myc, rabbit anti-phospho-β-catenin and rabbit anti-cleaved caspase-3 antibodies were the products of Cell Signaling, Danvers, MA, and the mouse anti-β-actin antibodies were purchased from Chemicon International, Billerica, MA. Enhanced Chemiluminescence (ECL) kit for detection of proteins was obtained from Amersham Biosciences/Amersham Pharmacia Biotech (Piscataway, NJ). Dulbecco's modified Eagle medium (DMEM), fetal bovine serum (FBS), phosphate saline buffer (PBS), Hanks' balanced salt solution (HBSS) and antibiotic/ antimycotic reagents were obtained from GIBCO-Invitrogen (Carlsbad, California). Human colon cancer HCT-116 and HT-29 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA).
Cell Culture and Generation of 5-FU + Oxaliplatin-Resistant Colon Cancer Cells
The cells were maintained in tissue culture flasks in a humidified incubator at 37°C in an atmosphere of 95% air and 5% CO 2 . Medium was supplemented with 10% FBS and 1% antibiotic/antimycotic agents. Medium was changed three times a week, and cells were passaged using 0.5% trypsin/EDTA.
Unless otherwise stated, 5-FU + Ox-resistant (referred to as chemo-resistant cells) were generated by exposing HCT-116 and HT-29 cells to the combination of 5-Fluorouracil (5-FU) and oxaliplatin (Ox) at clinically relevant doses and schedules as described previously (13) . Initially, or HT-29 cells were incubated with the combination of 25 μM 5-FU and 0.625 μM oxaliplatin for one week. The adherent cells, which survived the 5-FU + Ox insult, were subjected to trypsin/EDTA treatment and allowed to grow in normal DMEM for two weeks. The surviving cells were then split and gradually exposed to incremental doses of 5-FU and Ox to maximal concentrations of 250 μM 5-FU and 6.25 μM Ox for two to three weeks for each treatment period. The 5-FU + Ox-resistant (chemo-resistant cells) cells were maintained in normal culture medium containing 50 μM 5-FU + 1.25 μM oxaliplatin. The medium was changed three times a week, and the cells were passaged using trypsin/EDTA.
Cell Growth Inhibition Assay
The growth of chemo-resistant HCT-116 and HT-29 cells was assessed by 3-(4,5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium bromide (MTT) assay as described previously (22) . Briefly, the cells were dispersed by trypsin-EDTA , subsequently re-suspended in DMEM containing 10% FBS and seeded into 96-well culture plates with six to eight replicates. After 24 h of plating, they were incubated for 48 h in the absence (control) or presence of testing agents, described in the legends to figures. The reaction was terminated by adding 20 μl of 5-mg/ml stock of MTT into each well. After 3 to 4 h at 37°C,the medium was removed and formazon crystals dissolved by adding 0.1 ml of dimethyl sulfoxide (DMSO). The intensity of the color was measured at 570 nm. All values were compared to the corresponding controls, and the experiments were repeated multiple times.
Colonosphere Formation and Disintegration Assay
The ability of chemo-resistant colon cancer cells to form spheres in suspension was evaluated as described by Liu et al. (23) , with slight modifications (22) . Briefly, primary colonospheres were generated by incubating the limited number of chemo-resistant HCT-116 and HT-29 cells at a concentration of 100 cells per 200 μL in serum-free stem cell medium (SCM) containing DMEM/F12 (1:1) supplemented with B27 (Life Technologies, Gaithersburg, MD), 20 ng/ml EGF (Sigma, St Louis, MO), 10 ng/ml fibroblast growth factor (Sigma), and antibiotic-anti-mycotic agent in 24-well ultra low-attachment plates (Corning Inc, Lowell, MA) for five days. The average number of colonospheres formed in each well after five days was calculated by counting them using light microscopy (20X objective). In all experiments the results were expressed as percent colonospheres formed with respect to untreated solvent controls.
For colonospheres disintegration assay, the agents were added into the wells after five days of the formation of spheroids. The spheroids were followed for next five days to analyze for disintegration. The extent of disintegration was photographed.
Secondary Sphere Formation Assay
Self-renewing/regeneration abilities of the chemo-resistant sphere-derived cells were analyzed for secondary colonosphere formation in the absence of any agent. Primary colonospheres formed over a period of five days in SCM containing 50 μM 5-FU and 1.25 μM Ox with or without any of the testing agent were collected by centrifugation, dissociated with 0.05% trypsin/EDTA, and subsequently passed through a 40 μM sieve to obtain single cell suspensions (24) . An equal number of cells obtained from primary colonosphere culture were plated (100 cells/ 200 μL in SCM) into each of the 96 ultra low-attachment wells. The secondary colonospheres formed after five days were recorded for their number and size by light microscopy.
Bright Field Microscopy
Colon cancer cells were seeded in six-well plates at a density of 4×10 4 cells per well and incubated overnight to allow the cells to adhere. The cells were treated with the listed agents and incubated for the periods as described above. The cells were washed in PBS and photographed using bright field microscopy (10 x magnification). Images were taken with Olympus DP72 camera on a computer equipped with DP2-BSW microscope digital-imaging software. Three images of each treatment were taken from randomly chosen fields, and a representative image was selected for display in the figure.
Extreme Limiting Dilution Analysis
Extreme limiting dilution analysis (ELDA) was performed as described by Hu and Smyth (25) . Briefly, single cell suspension obtained from the chemo-resistant cells was plated at a concentration of 1000, 100, 10 and 1 cell(s) per 200 μl SCM (24 well for each dilution) in 96-well ultra-low attachment and incubated for five days. At the end of five days, the number of wells showing formation of colonospheres was counted. The frequency of sphere-forming cells in a particular cell type was determined using ELDA web-tool available at http://bioinf.wehi.edu.ac/software/elda.
Hoechst 33342 Dye Exclusion Assay
Single cell suspension obtained from parental and chemoresistant cells were washed with PBS (three times) and stained with Hoechst 33342 or H342 (5 μg/ml, Sigma-Aldrich Inc., St. Louis, MO) for 45 min at 37°C in HBSS buffer (GIBCO-Invitrogen Corp., Carlsbad, California), vortexing gently every 15 min. The controls were treated with an inhibitor of membrane ABCG2 transporter protein, verapamil (Sigma, 50 μM) for ten minutes at room temperature prior to the addition of H342. The stained cells were collected, washed with PBS and re-suspended in 3 ml of PBS containing 2 μg/ml of propidium iodide, and subsequently analyzed by flow cytometer-FACS Vantage SE/DiVa SORP (BD Biosciences, San Jose, CA) with alldigital electronics and octagon-and trigon-shaped detector arrays. Excitation of 100 mW at 488 nm was provided by a 177-G argon ion laser (Spectra-Physics, Mountain View, CA), and 200 mW of all-lines UV (351-365 nm) was provided by an Innova 90-5 argon ion laser (Coherent, Palo Alto, CA). Forward and side laser scatter were detected from 488 nm excitation. H342 and propidium iodide fluorescence from UV excitation was split into "blue" and "red" wavelengths by a 505 nm long pass dichroic with a 450/50 bandpass (425-475 nm) filter in front of the "blue" detector and a 630 nm long pass filter in front of the "red" detector. Cell population showing H342 Bright (H342 Br ) and H342 Low (H342 Lo ) was determined, and the ratio of H342 Lo /H3342 Br was calculated to evaluate the dye-efflux capacities of the cells. The gating of H342
Lo and H342 Br cells was based on a verapamil control. Dead cells were gated out based on positive staining with propidium iodide (22) .
Western Blot Analysis
Western blot analysis was performed essentially according to our standard protocol (13, 22) . Briefly, the cells were solubilized in lysis buffer (50 mM Tris, 100 mM NaCl, 2.5 mM EDTA, 1% Triton X-100, 1% Nonidet P-40, 2.5 mM Na3VO4, 25 μg/ml aprotinin, 25 μg/ml leupeptin, 25 μg/ml pepstatin A, and 1 mM phenylmethylsulfonyl fluoride). After clarification at 10,000 g for 15 min, the supernatant was used for Western blot analysis. In all analyses, protein concentration, determined by the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA), was standardized among the samples. Aliquots of cell lysates containing 50 μg of protein were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis. After electrophoresis, proteins were transferred electrophoretically onto supported polyvinylidene difluoride membrane (Millipore Corp, Bedford, MA), incubated for 1 h at room temperature with blocking buffer, TBS-T (20 mM Tris, pH7.6, 100 μM NaCl, 0.1% Tween-20) and 5% nonfat dry milk with gentle agitation. After washing the membranes with TBS-T, they were incubated overnight with primary antibodies (1:1,000 dilutions) in TBS-T buffer containing 5% milk at 4°C. The membranes were washed with TBS-T, subsequently incubated with appropriate secondary antibodies (1:5,000 dilutions) in TBS-T/ 5% milk for 1-2 h at room temperature. The membranes were washed again with TBS-T, and the protein bands were visualized by enhanced chemiluminescence (ECL) detection system (Amersham, Piscataway, NJ). The membranes were exposed to Amersham Hyper Film ECL (GE Healthcare, Buckinghamshire, UK). The membranes were stripped (2×for 15 min at 55°C) in stripping buffer containing 100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate, and 62.5 mM Tris-HCl pH 6.7, and re-probed for β-actin. All Western blots were performed at least three times for each experiment.
Isolation of RNA and Quantitative Polymerase Chain Reaction Analysis
Total RNA was extracted from the parental and chemoresistant HCT-116 cells using RNA-STAT solution (Tel Test, Friendswood, TX) according to the manufacturer's instruction. RNA was treated with DNase I to remove contaminating genomic DNA and subsequently purified using RNAeasy Mini Kit (Qiagen, Valencia, CA). RNA concentration was measured spectrophotometrically at an optical density of 260 nm.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using the GeneAmp RNA PCR Kit (Applied Biosystems, Foster City, CA). Briefly, 1 μg of purified RNA was reverse-transcribed in the presence of 2.5 mM MgCl 2 , 1×RT-PCR buffer, 1 mM dNTPs, 10 mM dithiothreitol, 10 U of RNase inhibitor, 1.25 μM random hexamers, and 15 U of MultiScribe Reverse Transcriptase in a final reaction volume of 20 μl. After mixing the components, the mixture was briefly centrifuged and incubated at 25°C for 10 min for hybridization. The reactions were carried out at 42°C for 15 min in a GeneAmp PCR System 9600 (Perkin-Elmer) and then by cooling to 4°C. The RT reactions were subjected to quantitative PCR amplification. Five microliters of complementary DNA products were amplified with SYBR Green Quantitative PCR Master Mix (Applied Biosystems). PCR primers were used as follows: CD44 forward: 5′-aaggtggagcaaacacaacc-3′ and reverse: 5′-aactgcaatgcaaactgcaag-3', CD166 forward: 5′-tagcaggaatgcaactgtgg-3′ and reverse: cgcagacatag tttccagca-3′, and β-actin forward: 5′-cccagcacaatgaagaat caa-3′ and reverse 5′-acatctgctggaaggtggtggac-3′. Reactions were carried out in Applied Biosystems 7500 RealTime PCR System. The conditions for RT-PCR running were as follows: for activating the DNA polymerase, hot start was performed for 10 min at 95°C, and then cycling at 95°C for 15 s and 60°C for 1 min for a total of 40 cycles (13).
Nuclear Factor Kappa B (NF-κB) Binding Assay
Nuclear extract was prepared from the parental and chemo-resistant HCT-116 cells using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific, Rockford, Illinois, USA), and the protein concentrations were determined spectrophotometrically. NF-κB p65 DNA binding activity was assessed in the nuclear extracts using Trans-AM NF-κB p65 transcription factor assay kit (Active Motif North America, Carlsbad, California, USA) according to the manufacturer's instructions. Ten micrograms of nuclear extracts were added to 96-well plates coated with an oligonucleotide containing the nuclear factors consensus site. The binding of NF-κB to DNA was visualized by means of anti-p65 antibody, which specifically recognizes activated NF-κB. Antibody binding was measured spectrophotometrically. The specificity of NF-κB activation was determined by competition experiments using wild-type and mutant consensus oligonucleotides provided with the kit. The data represent the average ±SD of three separate binding assays and are expressed as percent of NF-κB activation relative to treatment controls.
Assessment of Apoptosis and Caspase-3 Activity
Apoptosis was quantitatively evaluated by acridine orange-ethidium bromide (AO-EtBr) staining as described previously (26) . Briefly, the cells were washed once with cold 1× PBS and resuspended in 1× PBS (0.5× 10 6 to 1×10 6 cells/mL). Cell suspension (10 μL) was stained with 10 μL of acridine orange/ethidium bromide mixture according to the manufacturer's instructions. Within 5 min of addition of the AO-EtBr mixture, aliquots containing 300 to 500 cells were counted under a fluorescent microscope with blue-green filter. The percentage of apoptotic cells, as defined by cytoplasmic and nuclear shrinkage and chromatin condensation or fragmentation, was determined.
The activity of caspase-3, an enzyme that initiates apoptosis, was determined in the cell lysates using the colorimetric assay kit from the BioVision Research Products (Mountain View, CA) according to the manufacturer's instruction. The assay is based on spectrophotometric detection of the chromophore p-nitroanilide (pNA) after cleavage from the labeled substrate DEVD-pNA (27) .
Statistical Analysis
Unless otherwise stated, data are expressed as mean ±SD of six observations. Where applicable, the results were analyzed using paired t-test. p<0.05 was designated as the level of significance.
RESULTS
Recent evidence suggests that the cancer cells that are resistant to chemotherapy demonstrate characteristics similar to those of CSCs (28, 29) . Previously, we reported the predominance of CSCs in the chemo-resistant (5-FU + Ox-resistant) colon cancer cells that displayed elevated levels of various CSC markers (13) . Consistent with our previous findings, we observed that the chemo-resistant HCT-116 cells displayed 3-5-fold higher mRNA levels of CD44 and CD166, compared to the corresponding parental cells (Fig. 1a) . When the drug efflux ability between the chemo-resistant and parental HCT-116 cells was determined by examining the exclusion of H342 dye, it was found to be 2.5-fold higher in chemo-resistant cells compared to parental cells (Fig. 1b) . This was accompanied by a 3-fold increase in ABCG2 expression (Fig. 1c) , a member of the superfamily of ATP-binding cassette (ABC) transporters whose primary function is to transport various molecules across the intra-and extra-cellular membranes (30) . Further, these changes were associated with a 1.5-fold increase in the activity of NF-κB (Fig. 1d) .
Functional CSCs possess sphere-forming ability when present in limited numbers under serum-free conditions and are known to exhibit higher drug efflux capacity. Using the in vitro sphere formation as a surrogate for tumor formation, functional CSCs in chemo-resistant cells were validated by employing extreme limiting dilution analysis (ELDA) and statistically analyzing the frequency of sphere forming cells (Table 1) . Results revealed a 2-fold greater frequency of sphere-forming cells of the chemo-resistant cells, compared to the parental cancer cells (Table 1) .
One of the objectives of our current investigation was to compare the efficacy of curcumin with CDF on growth inhibition of chemo-resistant colon cancer cells when combined with chemotherapy of 5-FU + Ox. The chemoresistant HCT-116 and HT-29 cells were analyzed for cellular growth following incubation with 5-FU + Ox alone or in combination with increasing concentrations (up to 8 μM) of either CDF or curcumin. A significant inhibition of 40-70% in cellular growth of chemo-resistant cells was observed when the chemo-resistant HCT-116 or HT-29 cells were incubated for 48 h with the combination of 4 or 8 μM CDF and 5-FU + Ox, whereas the same dose of curcumin caused ≤20% inhibition (Fig. 2a) . In contrast, the combination therapy caused only a 25-30% inhibition of growth of non-transformed intestinal epithelial cells (IEC-6) cells which are derived from weanling rats (data not shown). It should also be stated here that a greater inhibition of cellular growth of chemo-resistant HCT-116 cells by CDF compared to curcumin was associated with a corresponding loss of adherent cells (Fig. 2b) . Interestingly, further treatment of the chemo-resistant HCT-116 cells with the combination of 5-FU and Ox caused a slight increase in adherent cells, compared with the controls (Fig. 2b) .
In the next set of experiments, changes in the expression of CSC markers, CD44 and CD166 in chemo-resistant HCT-116 cells in response to CDF or curcumin together with 5-FU + Ox were examined. Quantitative Real Time-PCR (qRT-PCR) analysis was employed. We observed that while 4 μM curcumin together with 5-FU + Ox caused no appreciable change in mRNA levels of either CD44 or CD166, the same combination treatment with 4 μM CDF caused over 70% inhibition of CD44 and CD166 expression (Fig. 3, left panel) . As has been observed for CD44 and CD166, the expression of ABC transporter protein ABCG2 in chemo-resistant HCT-116 cells was inhibited by more than 50% in response to the combination of 4 μM CDF and 5-FU + Ox, compared to the 5-FU + Ox-treated controls (Fig. 3, right panel) . Curcumin was less effective in this setting.
Earlier, we reported a marked activation of EGFR and IGF-1R, accompanied by elevated expression of CD44 and CD166 in HCT-116 cells that survived the 48 h treatment of 5-FU + Ox (referred to as FOLFOX) (31) , indicating the presence of the growth factor receptors in chemo-surviving cells that are enriched in colon CSCs (13) . To determine whether the current treatment strategy would also affect the functioning of the growth factor receptors, the levels of phosphorylated (activated) form of EGFR and IGF-1R were examined. Our results demonstrated that although CI confidence interval curcumin or CDF in combination with 5-FU + Ox attenuated the activation of EGFR and IGF-1R, the magnitude of inhibition was much higher with CDF (50-65%) than that noted for curcumin (~30%) (Fig. 3, right  panel) .
In the next set of experiments, the effects of 5-FU + Ox either alone or in combination with increasing concentrations of curcumin or CDF on the functional properties of chemo-resistant colon cancer cells were examined by determining their ability to form primary and secondary colonospheres. Primary colonosphere formation assay was conducted to assess the sphere-forming abilities of the chemoresistant cells in response to the current treatment strategies. However, to evaluate the colonospheresregenerating ability (a measure of self-renewal) of the chemo-resistant cells, the primary colonospheres, obtained from different treatments, were dispersed into a single cell suspension and subsequently cultured to generate secondary colonospheres in the absence of any treatment. Results revealed that CDF in combination with 5-FU + Ox was superior to curcumin in inhibiting the growth of primary as well as secondary colonospheres (Fig. 4a) . These results indicate that the treatment strategy with CDF not only possesses a superior inhibitory effect on the growth of sphereforming cells but also shows a better post-treatment inhibition of the self-renewing capacities of the sphere derived from chemo-resistant cells (Fig. 4a) . A similar phenomenon was also observed with respect to disintegration of colonospheres, where we found CDF together with 5-FU + Ox caused a much greater disintegration than that caused by 5-FU + Ox alone or the combination of 5-FU + Ox and curcumin (Fig. 4b) .
To determine the underlying mechanisms for changes in viability of chemo-resistant colon cancer cells in response to the current treatment strategies, we examined the expression of anti-apoptotic Bcl-xL and pro-apoptotic Bax proteins. The chemo-resistant HCT-116 cells showed a significant 30-40% reduction in the levels of pro-apoptotic Bax protein, whereas the levels of anti-apoptotic Bcl-xL were increased by about 400% when compared with the corresponding values of the parental cells (Fig. 5a) . However, in response to the combination of 4 μM CDF and 5-FU + Ox, the expression of pro-apoptotic protein Bax in the chemo-resistant HCT-116 cells was increased by about 100%, whereas the same treatment with curcumin caused a mere 27% increase in Bax protein when compared with the corresponding control (Fig. 5a ). On the other hand, the expression of the anti-apoptotic Bcl-xL was decreased by 150-250% in response to the combination of CDF or curcumin and 5-FU + OX when compared with the corresponding values of the chemo-resistant cells treated with only 5-FU + Ox (Fig. 5a) . Further, the combination treatment of CDF and 5-FU + OX caused a staggering 5-6-fold increase in apoptosis of both HCT-116 and HT-29 chemo-resistant cells (Fig. 5b) .
It is known that following induction of apoptosis, proteolytic cleavage of procaspase-3 occurs to generate an active caspase-3 fragment, which targets key modulators of the apoptotic pathway. To corroborate our observation of induction of apoptosis, we examined the levels of cleaved caspase-3 in chemo-resistant HCT-116 cells by Western blot and the activity of caspase-3 in chemo-resistant HT-29 cells in response to the current treatment strategies. Our results revealed a 1.7-2.5-fold increase in the levels of cleaved caspase fragments (19 kDa and 17 kDa, Fig. 6a ) and also a similar induction (~1.7-fold increase) in caspase-3 activity following the combination of CDF and 5-FU + Ox (Fig. 6b) . On the other hand, the combination of curcumin and 5-Fu + Ox was ineffective in inducing caspase 3 activity (Fig. 6b) .
Further regulatory events were evaluated by examining the changes in the activation of NF-κB and β-catenin along with the expression of the downstream effectors Cox-2 and c-Myc. The results revealed that 4 μM CDF, but not curcumin in combination with 5-FU + Ox, caused a 30% reduction in NF-κB activity in chemo-resistant HCT-116 cells, compared with the controls (Fig. 7, left panel) . In addition, we observed a 40% increase in the levels of β-catenin in chemo-resistant HCT-116 cells, compared to the parental cells (Fig. 7, right panel) . In contrast, a significant 60% reduction of β-catenin was noted following treatment with the combination of CDF and 5-FU + Ox (Fig. 7,  right panel) . Further, studies revealed that both curcumin and CDF treatments were alike in inhibiting the activation of β-catenin, as evidenced by a complete loss of phosphorylated form of the protein (Fig. 7, right panel) . However, CDF was little more effective in inhibiting the expression of Cox-2 and c-Myc when compared with corresponding levels in 5-FU + Ox-treated controls (Fig. 7, right panel) .
DISCUSSION
There is an emerging body of evidence suggesting that tumor cells that are resistant to chemotherapy represent a subpopulation of cells of the original tumor. These chemoresistant cells, which are molecularly and phenotypically distinct, are also referred to as tumor-initiating cells, tumorpromoting cells or, more commonly, cancer stem cells or cancer stem-like cells (CSC) (Ref (32)). To study the role of CSCs and emergence of chemo-resistance in colon cancer, we have generated 5-FU + Ox-resistant (referred to as chemo-resistant) HCT-116 and HT-29 colon cancer cells by exposing them to increasing doses of the combination of 5-FU and oxaliplatin (referred to as 5-FU + Ox) (13) . The newly developed chemo-resistant colon cancer cells were found to exhibit remarkably high levels of CSC markers CD44, CD166 and CD133, suggesting that they are highly enriched in CSCs. Since under the extreme limiting dilution (ELDA) in serum-free conditions (stem cell media) only stem-like cells are believed to divide to form spheroids, ELDA showed a 2-fold increase in the frequency of sphereforming ability of the cells confirming enrichment of CSCs in chemo-resistant cells (25, 33, 34) . Taken together, the results suggest the preponderance of cancer stem-like cells in the chemo-resistant HCT-116 cells.
In our pursuit to identify agents that may eliminate CSCs, we studied the effect of curcumin either alone or in combination with 5-FU + Ox on the inhibition of cell growth of chemo-resistant colon cancer cells and found these strategies to be effective with high concentrations of curcumin (13) . However, the fact that bioavailability of curcumin is very poor has led to the synthesis of analogs or development of formulations of agent(s) to improve upon its bioavailability. CDF, a newly developed analog of curcumin with a greater bioavailability than curcumin, has also been shown to exhibit much greater growth-inhibitory properties than curcumin (20, 21) . Moreover, recent studies from our laboratory also showed that CDF was much more superior in the killing of gemcitabine-resistant pancreatic cancer cells with epithelial-to-mesenchymal phenotype that is reminiscent of CSCs (35) . This prompted us to undertake the current investigation where we compared the effectiveness of curcumin with CDF in inhibiting the growth of chemo-resistant colon cancer cells that are highly enriched in CSCs. Our current data demonstrated that CDF was indeed more effective than curcumin in killing/eliminating chemo-resistant colon cancer cells along with CSCs. The latter is evident from decreased expression of markers of colon CSCs, such as CD44, CD133 and CD166, as has been documented previously (22, 36, 37) . This inference is further supported by the observation that in chemoresistant colon cancer cells, the CDF also caused a marked inhibition in the expression of ABCG2, a transporter protein which is highly expressed in the stem cell membranes (2) . The ABCG2 protein has been implicated as a key regulator in the maintenance of stem cells in various human cancer cell lines, such as those derived from breast, colon, ovary and gastric cancers (29, (38) (39) (40) . It has been well established that ABCG2 is responsible for protecting cells against xenobiotics or endogenous catabolites that may be toxic under unfavorable hypoxic conditions by active efflux activity, and such intrinsicallyresistant stem cells are understood to contribute towards resistance to chemotherapy (2, 29) . Our results suggest that CDF-mediated inhibition in the expression of ABCG2 in chemo-resistant colon cancer cells may, in fact, lead to a higher retention of chemotherapeutic/cytotoxic drugs, which may result in greater cell death. This is supported by our observation that CDF, in comparison with curcumin, causes a greater induction of apoptosis as evidenced by increased staining of acridine-orange by the chemo-resistant colon cancer cells. Moreover, increased levels of pro-apoptotic Bax and cleaved casapsae-3 fragments, a key executioner of downstream apoptotic pathway as well as increased caspase-3 activity along with a concomitant reduction of anti-apoptotic protein, Bcl-xL, were noted.
Furthermore, we have observed that CDF, but not curcumin, at a low concentration of 4 μM causes inhibition and disintegration of the colonospheres that were previously shown to contain over 80% of CD44-positive cells (22) . These results are consistent with the observation that CDF is a superior agent in inhibiting the growth of CSCs in colon cancer, a phenomenon similar to that observed with drugresistant pancreatic cancer (35) . Additional support comes from the observation that secondary sphere formation by CDF-treated colonosphere-derived cells is greatly inhibited in the absence of further treatment with CDF. In view of the fact that secondary sphere formation represents self-renewing ability of the CSCs (22, 41) , our observation of decreased secondary formation by CDF-treated primary colonospherederived cells suggests that CDF in combination with 5-FU + Ox could be an effective therapeutic strategy for elimination of colon cancer recurrence.
Although, the precise regulatory mechanisms in support of the CDF-mediated inhibition of growth of chemoresistant colon cancer cells are not fully understood, our observation showed that CDF greatly inhibits the activation of EGFR and IGF-1R, which we have shown to be implicated in the development of chemo-resistance, suggesting that CDF may act through the inactivation of EGFR and IGF-1R signaling pathways (13, 31, 42) . This inference is supported by the observation that CDF inhibits the activation of β-catenin as well as NF-κB, both of which are downstream of both EGFR and IGF-1R signaling (43) (44) (45) . The fact that CDF but not curcumin at 4 μM concentration inhibits the expression of c-Myc and Cox-2, which are downstream effectors of β-catenin and NF-κB signaling, respectively, further indicates a superior efficacy of CDF than curcumin in inhibiting the growth of CSCenriched chemo-resistant colon cancer cells.
In conclusion, our observations demonstrate that the chemo-resistant colon cancer cells display increased activity of β-catenin and NF-κB, along with higher expression of cMyc and Cox-2, and ABCG2, which is involved in drug exclusion. We have also demonstrated that chemo-resistant colon cancer cells are highly enriched in CSCs, as evidenced by the increased expression of CD44 and CD166 and their ability to form spheres under ELDA. Our data also suggest that CDF in combination with 5-FU + Ox is more effective than curcumin in inhibiting the growth of chemo-resistant colon cancer cells that are enriched in CSCs. Taken together, our results suggest a potential therapeutic role for CDF in preventing the emergence of chemo-resistant colon cancer cells by reducing/eliminating the CSCs, which could become a novel strategy for improving the overall survival of patients diagnosed with colon cancer.
